The use of cation-exchange high-performance liquid chromatography (CE-HPLC) to separate and quantify various normal and abnormal hemoglobin (Hb) fractions has been increasing [1] [2] [3] [4] . 1 This method has also been proposed for screening Hbs of clinical significance [3, 5, 6] . The BioRad Variant Hemoglobin Testing System (Bio-Rad Labs., Hercules, CA), a totally automated CE-HPLC instrument, has been used in our laboratory for routine quantification of HbA 2 and HbF for Ͼ2 years. In a recent evaluation of the Bio-Rad Variant "␤ Thalassemia Short" program for quantification of Hbs A, S, C, and F, Papadea and Cate [7] obtained results that were comparable with or exceeded those of traditional methods. We think CE-HPLC is also a valuable additional tool for presumptive identification of Hb variants.
The strategy used in our laboratory to characterize rare mutant Hbs primarily involves multiple electrophoreses in several experimental conditions [8, 9] . This leads to an unambiguous result in Ͼ90% of the cases. Nevertheless, a few variants may behave similarly during electrophoresis and share several common biochemical or functional properties; for those cases, any additional test that would allow discrimination will be of interest. Here we describe the use of the Bio-Rad Variant analyzer with the ␤ Thalassemia Short program to discriminate Hb variants. Working under the experimental conditions specified by the manufacturer, with a few technical modifications, we obtained highly reproducible retention times for repeated assays with the same column and reagent batch. Therefore, we evaluated the possibility of using a normalized elution time as an additional variable in our approach to the presumptive identification of Hb variants.
hplc analysis
The Bio-Rad Variant, a fully automated HPLC system, uses double-wavelength detection (415 and 690 nm). Several elution methods, including specific columns, buffers, and softwares, are available from the manufacturer. The ␤ Thalassemia Short program, the most widely used Variant program, has been designed to separate and determine in 5-6 min the area percentages for HbA 2 and HbF and to provide qualitative determinations of abnormal Hbs. Windows for retention times have been established for presumptive identification of the most commonly occurring Hb variants. In the ␤ Thalassemia Short program, a 3 ϫ 0.46 cm nonporous cation-exchange column is eluted at a flow rate of 2 mL/min by a gradient of two phosphate buffers that differ in pH and ionic strength. The various Hb components give slight differences in elution time from one column to another and from one reagent batch to another. The elution time for a Hb component also varies slightly according to its concentration in the sample. We found that, for a given column, a more accurate calibration than that proposed by the manufacturer could be obtained by using HbA 2 as a reference. This Hb is present only between narrow concentration limits, which prevents any significant modification of its elution time.
electrophoretic studies
The methods for electrophoretic analysis of Hbs included electrophoresis on cellulose acetate at alkaline pH, citrate agar electrophoresis, isoelectric focusing (IEF) of Hb, and electrophoresis of globin chains in 6 mol/L urea in Tris-EDTA buffer at pH 6.0 and 9.0 or in the presence of Triton X-100 [7, 8] . In our laboratory, the electrophoretic mobilities of Ͼ350 Hb variants are available in a data bank under a format convenient for comparison. In this approach, IEF is expressed in mm from HbA, and the mobilities of the other electrophoretic systems are scaled by using several slow and fast-moving Hbs as references. Migration of the globin chains in urea is estimated from a scale in which the values for normal ␣-and ␤-chain are ϩ10 and ϩ20, respectively.
Results
When the blood samples were prepared according to the manufacturer's instructions, we found that some Hb components that were present in low amounts (ϳ1% of total Hb) were eluted together with HbF in the HbF retention time frame. These additional fractions, most probably reversibly glycated Hbs [11] , disappeared when we hemolyzed the samples with a potassium hydrogen phthalate buffer instead of the Bio-Rad Hemolysis reagent (Fig. 2) . This procedure for sample preparation is the same as that used for HPLC determination of HbA 1c . Under these experimental conditions, the elution profile of the HbF window in the ␤ Thalassemia Short program was improved. It allowed an excellent agreement between chromatographic measurement of HbF, starting at Ͻ1%, and resistance of the variant to alkaline denaturation. Linear regression of a study involving 140 samples gave a slope of 1.07 (r ϭ 0.963). Aged Hb specimens display some degraded products, which are eluted in the P2 and P3 windows.
The most commonly occurring variants are HbS (␤6Glu3 Val), HbC (␤6Glu3 Lys), HbE (␤26Glu3 Lys), and HbD-Punjab (␤121Glu3 Gln). Presumptive identifi- When the electrophoretic data match for several Hbs, additional tests (e.g., reversed-phase HPLC, measurement of functional properties) may be performed before a structural determination is made. IEF agarose, CE-HPLC, citrate agar electrophoresis (CAE), and solubility tests are systematically performed on each sample in our laboratory-a strategy that aids detection of unusual variants, such as a common Hb with more than one substitution within a given chain. cation of these abnormal Hbs is made by using the retention time windows "S-Window," "D-Window," "A 2 -Window,"and "C-Window" specified by the manufacturer. A study of the retention times of these common variants, determined in Ͼ200 samples, is shown in Table  1 . The actual elution time of these variants, if present in the hemolysate at a similar range of concentration, was highly reproducible in relation to that of HbA 2 as a calibrator. Moreover, these Hbs were found to be eluted within a window of smaller size than that given as an example by the manufacturer. Nevertheless, the elution time of a given Hb component differs slightly according to its concentration in the hemolysate. We have observed this for adult Hbs in neonatal screening, or when the variant is unstable or associated with a thalassemic trait. As shown in Table 2 , some of the frequently encountered ␣-or ␤-chain variants, for which the pI is identical or very close to that of HbS, may be easily recognized by CE-HPLC. This is important for differentiating the diagnosis, already suggested by electrophoresis, between HbD-Punjab and other HbD-like variants, which are frequently found in association with HbS but have opposite clinical consequences. Hb Korle Bu, the most common of these, elutes at the same position as HbA 2 , whereas HbD-Punjab elutes just after (Fig. 3) . Hb variants with an identical amino acid substitution displayed elution times that varied from one case to another, as exemplified in Table 3 for those carrying a Glu3 Lys substitution. The most extreme situation is that of HbE and HbC, which elute near HbA 2 and at 5.0 min, respectively. As Fig. 4 shows, combining the IEF mobilities and the HPLC retention times unambiguously identifies all the abnormal Hbs belonging to this group.
The elution times of several ␣-and ␤-chain Hb variants, in comparison with those of HbA, HbF, and HbA 2 , and the position of the different windows are shown in Fig. 5 . To show in the same diagram the elution times observed with different columns or reagent batches, one must normalize the experimental data. A convenient way to do this is to convert the observed rough data into a scale wherein the reference value is the mean elution time of HbA 2 given by the manufacturer. Clinical Chemistry 43, No. 1, 1997 Some Hbs that are difficult to distinguish from HbA electrophoretically, such as Hb Rainier, Alzette, or Puttelange, are clearly separated by HPLC. HbH, which it is important to recognize in ␣-thalassemic patients, elutes before the start of the standard integration program. Hb Constant Spring, an elongated thalassemic ␣-chain variant seen frequently in Southeast Asian populations, elutes in the C-window. The presence of an abnormal HbA 2 eluting after the main abnormal peak is a convenient way to distinguish between ␣-or ␤-chain variants that have identical elution times. The retention times of Ͼ125 different Hb variants are now available in our data bank.
The sensitivity of the method is as efficient as that of polyacrylamide gel IEF and allows recognition of an abnormal adult Hb in a blood sample obtained in a neonatal screening program for the main hemoglobinopathies. However, the concentration effect, which might slightly modify the retention time, has to be taken into account. Calibration of the elution time with a lesser amount of abnormal Hb (Ͻ10%) is required.
Discussion
As of 1995, ϳ700 Hb mutations have been structurally characterized [12] . Each year, our laboratory, which To eliminate between-column and between-(reagent)batch variabilities, we normalize the elution times in terms of the mean elution value for HbA 2 given by the manufacturer (3.8 min).
works as a reference center for abnormal Hbs, characterizes several hundreds of samples thought to contain a rare Hb variant. To avoid performing a complete structural determination by protein chemistry methods or by DNA sequencing for each unusual sample-which usually confirms a rare but already described variant-we have developed a multicriteria approach to reach a presumptive diagnosis. This strategy is based primarily on electrophoretic characterization of the variant in various experimental conditions by comparison with a data bank that contains references for the Ͼ350 variants we have observed. Including additional fast, reliable, and relatively simple biochemical methods may improve the electrophoresis approach. Recently, we proposed the use of reversed-phase perfusion chromatography for chain analysis as a complementary tool for the characterization of Hb variants [13] . Additional considerations to take into account include the patient's ethnic origin [14] and clinical presentation and the functional properties of the erythrocytes or blood lysate. Measuring the molecular mass of the variant by electrospray mass spectrometry may indicate which kind of amino acid exchange has occurred [15] .
Taken together, all of these informative results lead to a presumptive diagnosis that, even in the more exotic cases, is almost always found to be accurate. This was indeed the case for Ͼ100 cases, where we also checked the defect at the molecular level. Including another simple method such as the well-standardized CE-HPLC described here will certainly decrease the number of incomplete matches between the variant under investigation and a reference from the data bank and hence will minimize the need to work up an identification at the molecular level.
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